The number of chromatin modifying and remodeling complexes implicated in genome control is growing faster than our understanding of the functional roles they play. We discuss recent in vitro experiments with biochemically de®ned chromatin templates that illuminate new aspects of action by histone acetyltransferases and ATPdependent chromatin remodeling engines in facilitating transcription. We review a number of studies that present an`ordered recruitment' view of transcriptional activation, according to which various complexes enter and exit their target promoter in a set sequence, and at speci®c times, such that action by one complex sets the stage for the arrival of the next one. A consensus emerging from all these experiments is that the joint action by several types of chromatin remodeling machines can lead to a more profound alteration of the infrastructure of chromatin over a target promoter than could be obtained by these enzymes acting independently. In addition, it appears that in speci®c cases one type of chromatin structure alteration (e.g., histone hyperacetylation) is contingent upon prior alterations of a dierent sort (i.e., ATP-dependent remodeling of histone-DNA contacts). The striking dierences between the precise sequence of action by various cofactors observed in these studies may be ± at least in part ± due to dierences between the speci®c promoters studied, and distinct requirements exhibited by speci®c loci for chromatin remodeling based on their pre-existing nucleoprotein architecture. Oncogene (2001) 20, 2991 ± 3006.
Introduction
The extraordinary play that is eukaryotic transcriptional control unfolds on a very crowded stage: inside a human cell, for example, the tiny sphere of the nucleus contains 450 mg/ml genomic DNA and 450 mg/ml protein, which includes among many other entities, *40 million core histone octamers and an extraordinary diversity of nonhistone protein factors involved in transcription. In addition to large enzymatic complexes responsible for RNA synthesis, their attending`basal' transcription factors, and a legion of sequence-speci®c DNA-binding proteins, the nucleus is known to contain at least three other classes of protein factors required for proper initiation of transcription: (i) complexes that mediate communications between the RNA polymerase, the`basal' transcriptional machinery, and other regulators (Lemon and Tjian, 2000) (these are outside the scope of this review); (ii) enzymes that covalently modify the core histones and other chromatin components (Ng and Bird, 2000; Sterner and Berger, 2000; Strahl and Allis, 2000) ; (iii) enzymes that alter the structure of chromatin in an ATPdependent manner (Kingston and Narlikar, 1999; Wole and Hayes, 1999) . These classes constantly expand to accommodate new members, and as a consequence, schematics in reviews such as this one frequently show several large conglomerates of circles (the complexes) that`¯oat' above a lonely nucleosome placed next to a tiny arrow depicting the transcription start site. The geometric incongruity in such depictions highlights the disparity between the rate at which thē oodlights of biochemical analysis reveal new actors on the transcriptional stage and our understanding of the part they perform.
The importance of parsing this horde of regulators into a conjunct model for transcriptional activation and repression is made conspicuous by a growing body of data that directly connects genetic lesions in various components of chromatin modi®cation and disruption machines to the development of human disease and, in particular, neoplasia. For example, mutations that inactivate a core subunit (SNF5/INI1) of a chromatin remodeling complex called SWI/SNF lead to the development of early-onset, highly aggressive, multiple-tissue malignancies in human patients (Sevenet et al., 1999; Versteege et al., 1998) ; increased incidence of neoplasia has also been observed in mice carrying targeted deletions in this (Klochendler-Yeivin et al., 2000) , and other (Bultman and Magnuson, 2000) subunits of this complex.
The concept behind a simple, and understandably popular, a priori model that introduces a modicum of order into schematics of transcriptional control is at least 400 years old (see epigraph): according to thè ordered recruitment' view of transcription (Agalioti et al., 2000; Cosma et al., 1999) , the cast of characters have de®ned roles at speci®c times in the transcriptional activation process. Thus, a gene that is transcriptionally silent and assembled into mature chromatin is acted upon by one or more DNA-bound regulators that recruit ± in sequence ± several enzymatic complexes to achieve a gradual remodeling of chromatin architecture over the promoter. A central tenet of the model is that the action of each such complex sets the chromatin stage for the targeting and action by the next complex, and this sequence of`enter X ± exeunt Y and Z' continues until a nucleoprotein architecture compatible with the assembly of the preinitiation complex (PIC) and subsequent transcription has been created.
Current evidence indicates that ± at least in the case of speci®c promoters ± this model is to a certain extent, correct. Several recent studies, however, have provided strikingly dierent views of the actual sequence of events (Agalioti et al., 2000; Cosma et al., 1999; Dilworth et al., 2000; Krebs et al., 1999; Kundu et al., 2000; Shang et al., 2000) . The disparity between the ®ndings in these studies extends to the order in which the players appear on stage, the speci®c roles they perform, and their relative contribution to the plot, thereby highlighting two challenges faced by scholars of chromatin and transcription: (i) to reconcile extensive in vitro evidence on the functional properties of chromatin remodeling and modi®cation complexes with in vivo data on their action at speci®c promoters; (ii) to combine evidence from the study of a large number of arti®cial and naturally occurring promoters in organisms as diverse as budding yeast and mammals into a uni®ed model for the role of chromatin remodeling and modi®cation in transcriptional activation (or else propose that such a uni®ed model cannot be built).
In this review, we discuss recent evidence that sheds new light on the possible consequences on transcription of action by such chromatin remodeling machines as SWI/SNF and such histone modifying enzymes as the HAT CBP/p300. We next use a comparison of three in vivo studies of the sequence of action by these regulatory cofactors at speci®c promoters to highlight the complex and dynamic nature of gene regulation in vivo, and comment on the bene®ts and pitfalls associated with studying transcription on chromatin templates in vitro.
Twist and writhe: how chromatin gets going
All DNA in the nucleus is assembled into chromatin. While its elementary particle, the nucleosome (Kornberg and Thomas, 1974) , is ubiquitous (Noll, 1974) , chromatin over a given DNA locus can assume a great variety of markedly distinct structural states in vivo (Hebbes et al., 1994 (Hebbes et al., , 1988 Tumbar et al., 1999; Wu, 1980; Zaret and Yamamoto, 1984) : after all, many dierent buildings can be created using the same bricks. There is very strong correlative evidence connecting chromatin structure of a speci®c locus and the level of its transcriptional activity (for example, in addition to the studies just cited, Bone et al., 1994; Braunstein et al., 1993; Jeppesen and Turner, 1993; Kuo et al., 1998) . In comforting parallel, for certain loci in some model systems there is equally strong biochemical and genetic evidence that implicate speci®c protein complexes both in eecting chemical or structural transitions in chromatin and regulating transcription over target genes (for example, Goldmark et al., 2000; Gregory et al., 1999; Moreira and Holmberg, 1999; Rundlett et al., 1998; Zhang et al., 1998) . Thus, most genes experience alterations in chromatin assembled over them as their activity changes, and the complexes responsible for generating these alterations are intimately involved in regulating their transcription.
From a historical standpoint, the ®rst evidence pointing to a speci®c non-DNA bound protein factor that was required both for regulating transcription and altering chromatin structure emerged from studies of a gene whose mutation renders budding yeast incapable of metabolizing sucrose and switching mating type : this protein, Swi2p/ Snf2p, was found to be the catalytic ATPase subunit of a 2 MDa complex, SWI/SNF that is conserved from budding yeast (Cote et al., 1994) to man (Imbalzano et al., 1994) . Whole-genome expression pro®ling revealed that this complex is required for the proper transcriptional regulation of ca. 6% of all yeast ORFs (Holstege et al., 1998; . Of these, approximately half require SWI/SNF to become fully transcriptionally active, and in several cases, including PHO8 (Gregory et al., 1999) , SUC2 (Wu and Winston, 1997) , and HO (J Krebs and C Peterson, unpublished) , action by this complex is known to be responsible for remodeling of chromatin over the gene promoter to yield a`DNase I hypersensitive site' (incidentally, the latter two genes account for the phenotypes originally observed in SWI/SNF mutants .
This past year saw the discovery of several unexpected properties of SWI/SNF involvement in gene control. A remarkable aspect of budding yeast biology is that this organism tolerates the introduction of speci®c mutations in its histone genes ± this is extraordinary, since histones are some of the most conserved proteins in eukaryotic evolution: for example, human and tomato histone H4 are identical with the exception of three highly conservative substitutions. This tenacity is very useful because it allowed for the identi®cation of particular mutations in yeast histones H2A, H2B, and H3 that override a requirement for SWI/SNF in transcriptional activation of speci®c target genes in vivo (e.g., Hirschhorn et al., 1992; Recht and Osley, 1999) . Thus, the histones exert a repressive eect on those genes, and SWI/SNF acts to alleviate such repression by altering chromatin structure ± it is thought that the histone gene mutations somehow mimic these alterations.
Given these ®ndings, it was very surprising that a signi®cant number of ORFs in budding yeast were upregulated when SWI/SNF function was genetically ablated (Holstege et al., 1998) . This prompted two alternate models: (i) SWI/SNF acts as a direct repressor of those genes (this was very hard to conceptualize); (ii) SWI/SNF is required for the synthesis of some repressor, and failure to produce this repressor in the absence of SWI/SNF leads to the gene upregulation (i.e., that the eect of SWI/SNF is indirect ± this was easy to rationalize). Strong genetic evidence indicates that the former, much more complicated, model is correct . In addition, two budding yeast complexes containing ATPase relatives of the Swi2p/Snf2p protein, RSC (Moreira and Holmberg, 1999) and ISWI (Goldmark et al., 2000) , were also shown to be transcriptional repressors. In Drosophila, genetic data point to action by the SWI/SNF complex both in target gene activation (Brizuela et al., 1994; Vazquez et al., 1999) and repression (Collins and Treisman, 2000) . Finally, there is some evidence that Rb-mediated transcriptional repression involves the targeting of components of the human SWI/SNF complex (Zhang et al., 2000a) .
Thus, it is very clear that ATP-dependent chromatin remodeling engines can both act as transcriptional activators and repressors in vivo, but it is less apparent how this can be reconciled with in vitro properties of these complexes. The use of puri®ed SWI/SNF on mononucleosomal templates showed that it can alter histone-DNA contacts in an ATP-dependent manner and facilitate access to the underlying DNA by nonhistone regulators (Cote et al., 1994; Imbalzano et al., 1994) . Interestingly, this alteration is not accompanied by an eviction of the histone octamer from the DNA (Cote et al., 1998) and is reversible (Logie and Peterson, 1997; Schnitzler et al., 1998) . Such action is fully consistent with the known requirement for SWI/ SNF in inducing short stretches of nuclease-hypersensitive DNA in gene promoters (Gregory et al., 1999) , but it is useful to appreciate that the mononucleosome is not a bona ®de substrate of any chromatin remodeling engine, and, in fact, interesting dierences between SWI/SNF action on mononucleosomal substrates vs nucleosomal arrays have been reported (Jaskelio et al., 2000; Schnitzler et al., 1998) .
The weight of this issue was made particularly conspicuous by a recent study (Havas et al., 2000) that expanded on earlier observations that action by SWI/SNF can lead to nucleosome mobilization (sliding) (Jaskelio et al., 2000; Whitehouse et al., 1999) , i.e., the relocalization of the histone octamer in cis to a dierent position on a given DNA molecule. SWI/SNF shares this unusual property with several other ATPases involved in chromatin remodeling, including Mi-2 (Guschin et al., 2000b) and ISWI (Corona et al., 1999; Hamiche et al., 1999) . In budding yeast, a complex containing an ISWI homolog acts as a transcriptional corepressor and repositions nucleosomes over target gene promoters (Goldmark et al., 2000) .
It now appears likely that nucleosome mobilization is a manifestation of a more generalized property of ATPase chromatin remodeling engines: the capacity to introduce superhelical torsion within a closed topological domain of chromatin (Havas et al., 2000) . An in vitro assay with puri®ed SWI/SNF and a linearized chromatin template demonstrated the induction of a localized stretch of negatively supercoiled DNA, which was detected by the extrusion of a cruciform from the DNA within this domain. Importantly, this unusual property of SWI/SNF was shown to be shared by several other chromatin remodeling ATPases, including ISWI and Mi-2 (Havas et al., 2000) . Thus, the SWI/ SNF complex can twist chromatin and trap the resulting torsional stress ± or allow a wave of negative superhelical density to propagate along the ®ber (Figure 2) .
The functional consequences of such localized twisting are currently unknown ± they may or may not involve nucleosome mobilization, or the generation of stretches of nuclease-hypersensitive DNA. As discussed in the next section, however, these data oer a very interesting perspective on the presumed role of SWI/SNF in gene activation and, in particular, a recent study (Krebs et al., 2000) that examined the in vivo requirements for SWI/SNF and a dierent class of chromatin remodeling/modi®cation enzyme, the histone acetyltransferase (HAT) Gcn5p, in transcriptional upregulation of budding yeast genes.
Chromatin acetylation: here, there, and everywhere?
Speci®c amino acids in the NH 2 -terminal tails of the core histones are subject to various reversible covalent post-translational modi®cations in vivo (Allfrey et al., 1964; Strahl and Allis, 2000) , of which acetylation of the e-NH 2 group of particular lysines is, at present, the most famous. This celebrity is due to the strong positive correlation between levels of acetylation of speci®c loci in the genome and their transcriptional activity (Braunstein et al., 1993; Hebbes et al., 1988; Jeppesen and Turner, 1993; Kuo et al., 1998; Parekh and Maniatis, 1999) , and is also a result of the nearomnipresence of histone acetyltransferases (HATs) (Brownell et al., 1996; Sterner and Berger, 2000) and deacetylases (HDACs) (Ng and Bird, 2000; Taunton et al., 1996) in transcriptional control pathways.
A generally applicable mechanistic explanation for the high transcriptional activity of hyperacetylated chromatin (and, conversely, transcriptional repression associated with chromatin deacetylation) has been somewhat elusive. In speci®c cases, core histone hyperacetylation potentiates in vitro (Lee et al., 1993; Vettese-Dadey et al., 1996) and in vivo (Sewack et al., 2001) binding to DNA by nonhistone regulators. In addition, a portion of the histone H4 tail can been seen making an internucleosomal contact in the X-ray crystal structure of the core nucleosome particle (Luger et al., 1997) , which oers a potential explanation for the unfolding that hyperacetylated ®bers of chromatin can undergo in vitro (Tse et al., 1998b) .
Just as in the case of SWI/SNF, our understanding of the role of acetylation in transcription control underwent some unexpected revisions in the year 2000. The ®rst such discovery was made when bulk yeast histones were subjected to careful analysis in terms of their acetylation status (Waterborg, 2000) ± in emphatic contradiction to widely held notions that bulk chromatin is deacetylated, it was found that the average core histone octamer in yeast carries ca. 13 acetylated lysines per octamer, i.e., on just under 50% of all possible acetylation sites in each nucleosome! Subsequent genetic analysis (Kuo et al., 2000; Vogelauer et al., 2000) implicated the HATs Gcn5p and Esa1p in this`genome-wide' acetylation, and indicated that promoter-speci®c increases in core histone acetylation that occur concomitantly with gene activation (Krebs et al., 1999; Kuo et al., 1998) are the result of targeting these HATs by promoter-bound regulators to increase the localized concentration of HAT enzymes at gene promoters.`Nontargeted' action by yeast HATs illuminates earlier data that HDAC inhibitors such as trichostatin A (TSA) can upregulate basal activity of speci®c promoters that do not appear to have HATs targeted to them (Urnov et al., 2000) . Thus, the current model is that budding yeast chromatin is under constant attack from untargeted HATs and HDACs, and these create a high steadystate level of tail acetylation ( Figure 1 ).
It is possible that such ubiquitous acetylation is an idiosyncrasy of the budding yeast genome, where ORF density is signi®cantly higher than in repetitive-DNAladen genomes of higher eukaryotes. It should not be inferred, however, that targeted acetylation is not required for gene activation in yeast: such HATs as Gcn5p hyperacetylate chromatin in vivo over target promoters (Krebs et al., 1999; Kuo et al., 1998 Kuo et al., , 2000 , and the lysines in the core histone tails are bona ®de substrates for such action (Zhang et al., 1998 ) ± this latter study was a technical tour de force, because it presented evidence that`genetic hyperacetylation of histones' (i.e., the mutation of Gcn5-targeted lysines to a non-charged glutamine) obviates the requirement for the Gcn5p HAT in activation of a speci®c gene! In general, Gcn5p is required for the proper upregulation of a signi®cant number of yeast genes (Lee et al., 2000) , and its HAT domain is essential for this phenomenon (Kuo et al., 1998; Wang et al., 1998) .
A major question that we will address from various angles throughout the rest of this review is the functional rationale behind two kinds of chromatin remodeling activities that exist in all eukaryotic nuclei: (i) ATP-dependent chromatin remodeling and (ii) enzymatic modi®cation. After all, there are genes in budding yeast that are SWI/SNF-independent (Burns and Peterson, 1997) , and the nucleosome-scale chromatin remodeling revealed as a DNAse I hypersensitive site does not need to occur in order for speci®c genes to become transcriptionally active (Pile and Cartwright, 2000; Sewack and Hansen, 1997) . In fact, certain promoters can undergo massive transcriptional activation without experiencing a nuclease-detectable remodeling of histone-DNA contacts (Urnov et al., 2000; Wong et al., 1998) . In addition, histone hyperacetylation is not a sine qua non for gene activation (Dudley et al., 1999) , and, to make matters worse (i.e., more complicated), for speci®c promoters, partially redundant roles of remodeling and modi®ca-tion have been proven (Sudarsanam et al., 1999) . Thus, there are genes in budding yeast that are both dependent on SWI/SNF and the HAT Gcn5p, or dependent on neither, or dependent on just Gcn5p alone (Holstege et al., 1998; Lee et al., 2000) .
Two recent studies illuminate the mechanistic rationale of the interdependence between these two kinds of chromatin-altering activities. Using an elegant genetic trick ± a strain carrying a temperature-sensitive allele of a gene required for anaphase progression ± to arrest and release cells from mitosis, Peterson and colleagues compared the relative contribution that SWI/SNF and Gcn5p make to gene activation in asynchronous cells (i.e., where chromatin is decondensed and broadly acetylated; Waterborg, 2000) and in mitotic chromosomes (i.e., highly condensed chromatin). As expected, mitotic chromatin condensation made transcriptional activation of various genes dependent both on SWI/SNF and Gcn5p ± impor- Figure 1 Targeted vs`wandering' histone tail modi®cation (Kuo et al., 2000; Vogelauer et al., 2000) . The average number of acetylated lysine residues per nucleosome are shown (Waterborg, 2000) . A DNA-bound transcriptional regulator (ellipse) is shown targeting a HAT complex tantly, promoter-proximal hyperacetylation required the presence of a functional SWI/SNF complex (Krebs et al., 2000) ± in full agreement with the`ordered recruitment' model. Remarkably, this requirement was lifted when gene induction took place in asynchronous cells! ± thus, such acutely inducible genes as GAL1 stop needing SWI/SNF and can become transcriptionally active just with the help of Gcn5p alone, if the chromatin is already somewhat decondensed (Krebs et al., 2000) , perhaps due to the genome-wide acetylation (Vogelauer et al., 2000; Waterborg, 2000) .
The unambiguous dependence of HAT action on prior remodeling by SWI/SNF prompted a`histone tail liberation' model (Krebs et al., 2000) , according to which the targets of the HAT enzyme ± the histone tails ± are somehow obscured in condensed mitotic chromosomes, and the ATP-dependent remodeling of this condensed substrate makes the tails`visible' to the HAT. It is tempting to speculate that a domain-speci®c mechanical twisting of the mitotic chromatin ®ber driven by SWI/SNF (Havas et al., 2000) leads to the exposure of the tails over a relatively large (several nucleosomes' worth) stretch of chromatin, where they can then serve as substrates for the HAT (Figure 2 ). The mitosis-speci®c requirement on SWI/SNF experienced by many yeast genes likely translates into a requirement for such remodeling for promoters located in condensed chromatin loci in higher eukaryotes.
The functional symbiosis of ATP-dependent remodeling and HAT-driven histone tail modi®cation proposed by the Krebs et al. study received support from analysis of action by the synthetic regulator Gal4-VP16 and the HAT p300 on in vitro assembled chromatin templates (Ito et al., 2000) (Figure 3 ). Similar to another study described below (Jiang et al., 2000) , this work used a biochemically de®ned chromatin assembly system, which consists of a plasmid DNA template, puri®ed core histones, and two highly pure recombinant sets of factors: a histone chaperone (NAP-1) that is required to prevent the core histones from aggregating onto the DNA and precipitating out of solution, and a nucleosome spacing engine (ACF, a complex between the ATPase ISWI and the protein Acf-1 (Ito et al., 1997) ). Chromatin assembled with such components appears to exhibit nucleosome-to-nucleosome spacing very similar to that seen in vivo (Ito et al., 1999) . Use of a puri®ed chimeric activator, Gal4-VP16, and a similarly puri®ed HAT, p300, allows for sophisticated order-of-addition experiments as shown in Figure 3 : ®rst, the chaperones and the spacing/remodeling engine assemble chromatin (this process requires ATP), after which the activator and the HAT are added, and the relative contributions made by the various remodeling/modi®cation activities to altering chromatin structure are assayed by controlling the presence of ATP (via the use of apyrase, which degrades ATP) or acetyl-CoA (a required cofactor for all HATs). Such experiments indicated that the continued presence of ATP and the DNA-bound activator are required for ecient acetylation of nucleosomal histones by the HAT (Ito et al., 2000) .
In addition, fractionation of the reaction mix on glycerol gradients unexpectedly revealed a transfer of a (Havas et al., 2000) in a stretch of condensed chromatin leads to localized remodeling, and thus makes the histone tails accessible to a HAT (Krebs et al., 2000) histone H2A/H2B dimer from the assembled chromatin to the histone chaperone NAP-1 (Ito et al., 2000) . Because such transfer required the presence of acetylCoA, Gal4-VP16, and p300, the authors of the study propose a model in which ATP-dependent remodeling of chromatin targeted by the DNA-bound activator facilitates HAT action, and that the resulting remodeled, hyperacetylated chromatin`falls apart' and releases an H2A/H2B heterodimer. If correct, this model would explain nicely earlier in vitro (Kraus and Kadonaga, 1998) and in vivo (Li et al., 1999) data indicating a role for CBP/p300 at a step subsequent to initial events in promoter chromatin remodeling.
It is useful to appreciate that the presumed entity remaining on some of the DNA, the histone H3/H4 tetramer, does, in fact, exist in vivo, when it is deposited onto newly synthesized DNA in the aftermath of replication fork passage (Verreault, 2000) . Biochemical studies indicated that a complex of DNA with the H3/H4 tetramer yield a nucleoprotein entity in which the DNA appears`naked' by such criteria as transcription factor access to DNA and the ability of the ®ber to assume higher-order levels of folding (Hansen and Wole, 1994; Hayes and Wole, 1992; Tse et al., 1998a) . It is not known if the DNA associated with any SWI/SNF and HAT-remodeled promoter in vivo (e.g., that at the PHO8 promoter in yeast: Gregory et al., 1999) is bound into H3/H4 tetramers, but it is technically feasible to assay the selective depletion of H2A/H2B and not H3/H4 from DNA in vivo.
The general point that emerges from these studies, however, is that a greater level of chromatin remodeling can, indeed, be achieved via the sequential action of dierent kinds of chromatin remodeling/modi®cation engines, and that at speci®c promoters in vivo, and under speci®c sets of conditions in vitro, the`ordered recruitment' model holds up. The actual order of action in vivo has been recently assayed on two wellcharacterized promoters ± the HO endonuclease gene in budding yeast, and the interferon-b gene in human cells ± and the interesting lack of consensus that emerges from comparing these two studies is discussed in the next two sections.
HO endonuclease gene activation: mating as serious business
The frequently admired`awesome power of yeast genetics' is on prominent display in the many studies that have investigated the regulation of the budding yeast HO endonuclease gene ± its unusually long (by budding yeast standards) promoter has been eloquently compared to a`regulatory ganglion' because many regulatory pathways converge on it and ensure that the gene is only transcribed in a speci®c cell type, at a very precise timepoint in the cell cycle, and in an appropriate cell lineage context ± this gene eects mating type switching, and budding yeast apparently take this process seriously. The lovely details of HO regulation ± which involve such gems as a transcriptional repressor migrating along cytoskeletal ®bers to selectively invade one of two nuclei in a mother-daughter pair! (Bobola et al., 1996; Sil and Herskowitz, 1996; Takizawa et al., 1997) ± are outside the scope of this review. For present purposes, two things are important: (i) activation of the gene requires both SWI/SNF (Stern et al., 1984) and the HAT Gcn5p (Pollard and ; (ii) HO upregulation occurs at a very de®ned timepoint in the cell cycle ± ca. 30 ± 35 min after the anaphase-promoting complex acts to allow sister chromatin separation (Cosma et al., 1999) .
Thus, this system is perfectly suited to test thè ordered recruitment' model, which was done in two very high-quality studies (Cosma et al., 1999; Krebs et al., 1999) that, comfortingly, complement each other very well. While encouraging the reader to consult these two works directly for the experimental details, we would like to present their ®ndings as a composite, minute-by-minute screenplay (time 0 is the anaphasetelophase transition; timeline is as per Cosma et al., and duration of each phase ± but not their order! ± will dier depending on the exact mechanism whereby yeast were arrested in mitosis, and on particular growth conditions) (see also Figure 4 ):
In mitotic (condensed) chromatin, the HO promoter is bound into an array of translationally positioned nuclesomes ± i.e., the histone octamers assume nonrandom positions relative to the DNA, such that at least one binding site for a transcription factor required for HO upregulation (Swi5p) is directly accessible because it is in a linker region between two nucleosomes (J Krebs and C Peterson, unpublished). 10: Sister chromatids separate. 20: Swi5p binds to its target site in the HO promoter in unremodeled chromatin and immediately targets the SWI/SNF complex (Cosma et al., 1999) , which disrupts the positioned nucleosomal array and induces a DNAse I hypersensitive site (J Krebs and C Peterson, unpublished). 25: Swi5p exits the promoter, but SWI/SNF persists (Cosma et al., 1999) , as does the remodeled state. 30: At this point, two things happen very close in time, so they cannot be separated temporally, but genetically, the second event requires the ®rst: (i) Gcn5p is targeted to the promoter ± this targeting requires prior action by SWI/SNF (Cosma et al., 1999) , and leads to promoterproximal histone hyperacetylation that clearly precedes transcription and is very clearly localized to a 1 kb stretch (Krebs et al., 1999) ; (ii) the transcriptional activator heterodimer Swi4p/Swi6p binds the remodeled promoter (Cosma et al., 1999) . 35: HO transcription begins.
It is helpful to very brie¯y explain the experimental approach: evidence for binding by a given entity to the promoter comes from chromatin immunoprecipitation (ChIP) (Solomon et al., 1988 ) done on a highly Figure 4 Timecourse of regulatory factor binding and chromatin remodeling at three dierent promoters: budding yeast HO endonuclease (Cosma et al., 1999; Krebs et al., 1999) , IFN-b (Agalioti et al., 2000) , and cathepsin D (Shang et al., 2000) synchronized cell population uniformly released from arrest at the anaphase-telophase transition; evidence for statements of the`event B requires event A' type come from genetic analysis (for example, Gcn5p does not bind the promoter (Cosma et al., 1999) or acetylate chromatin (Krebs et al., 1999) in a cell in which the gene for a core subunit of the SWI/SNF complex has been deleted). Thus, in the composite sequence of events, each phenomenon requires the preceding one by genetic criteria: activator 1 binds unremodeled chromatin ± this recruits an ATP-dependent remodeling engine ± this remodeling allows for the recruitment of a HAT ± this allows for binding to the promoter of activator 2 ± and ®nally transcription can occur. It is important to note, however, that there is a distinction between genetic evidence that binding by factor B requires prior binding/action by factor A, and biochemical data that factor A recruits factor B via a direct physical interaction (for example, there is leakproof evidence that Gcn5p binding requires SWI/SNF action, but no evidence, to our knowledge, that the Gcn5-containing SAGA complex and the SWI/SNF complex directly interact in vivo). It is probable that the DNA-bound regulator eects the primary targeting of all these complexes, and that their continued residence on the DNA after the regulator's departure is eected via auxiliary mechanisms.
Whatever the pathway of recruitment, these data are fully compatible with the notion that the two types of chromatin remodeling/modi®cation activities perform their task sequentially, and with the idea that such joint action leads to a more pronounced state of remodeling than each one separately. A requirement for HAT action in facilitating Swi4p/Swi6p binding to the promoter (Cosma et al., 1999) agrees with a previously proposed role for histone hyperacetylation in enabling transcription factor access to DNA (Lee et al., 1993; Vettese-Dadey et al., 1996) , but it is not known, if acetylation in vitro potentiates binding via the same mechanism as it does in vivo.
From an evolutionary perspective, it is interesting that that the yeast HO promoter is under classical bimodal' regulation that was discovered in 1992 on the mouse mammary tumor virus long terminal repeat (MMTV LTR) (Archer et al., 1992; Hager, 2001) : in that well-studied system, the liganded glucocorticoid receptor binds unremodeled chromatin, and targets a chromatin remodeling engine (Fryer and Archer, 1998) and a HAT (Bartsch et al., 1996; Wallberg et al., 1999) . Their joint action allows for the binding to DNA of a transcriptional activator (NF-1) whose binding site was previously occluded by a translationally positioned nucleosome (Archer et al., 1992) , and transcription begins. An additional attractive parallel between HO and the MMTV LTR is in the transient liaison that the activator has with its target promoter: Swi5p leaves the DNA in 5 min (Cosma et al., 1999) , and GR shuttles on and o DNA on a timescale of seconds (McNally et al., 2000) ± an interesting possibility with some experimental support (Fletcher et al., 2000) is that the remodeling action of SWI/SNF displaces from the DNA the very activator that targets it (Urnov and Wole, 2001) .
It must be emphasized, however, that ± as of January 2001 ± there is only one promoter in budding yeast that has been analysed to such resolution, and it is not known, whether other promoters in this organism exhibit dierent modes of regulation. It is helpful to recall that double-mutant SWI/SNF and Dgcn5 yeast cells are viable ± thus, all promoters required for budding yeast to survive can be active in the absence of this particular ATP-dependent remodeling engine and this speci®c HAT. It is very likely, however, that some form of chromatin remodeling is required for transcriptional control of most yeast genes, but it is not known, if other ATPases and HATs behave the same way as Gcn5p and SWI/SNF do at the HO promoter.
The IFN-b enhanceosome: and now for something slightly dierent
The preceding discussion borrowed data heavily from research literature on budding yeast, which is not surprising, since, at present, this model system is amenable to analysis by an array of experimental approaches not oered by any other organism: for example, the reverse genetic study of regulatory factor action on a given promoter (Cosma et al., 1999) or analysis of the role of histone tail lysines in transcriptional activation by HATs in vivo (Wittschieben et al., 2000; Zhang et al., 1998 ) is at present impossible in any organism other than budding yeast. That said, there is understandable interest in investigating promoter regulation pathways in multicellular eukaryotes. Two recent studies of inducible gene control in human cells (Agalioti et al., 2000; Shang et al., 2000) oer insight into the complexity of chromatin modi®cation/remodeling pathways in our cells, and also present a very interesting illustration of the power and the limitations inherent to the study of larger genomes.
The ®rst such study applied some of the experimental approaches used to parse the sequence of HO gene activation to one of the best-studied stretches of regulatory DNA in the human genome: the interferonb (IFN-b) promoter (Maniatis et al., 1992) . IFN-b transcription can be induced in vivo with an experimentally provided stimulus (infection by a virus), and a small (ca. 100 bp) stretch of the promoter is sucient to eect accurate response to virus (Thanos and Maniatis, 1995) . Several transcription factors, including NF-kB, IRF-3/7 (interferon regulatory factors 3 and 7), and an ATF-2/c-Jun heterodimer, assemble on this DNA stretch in collusion with an architectural DNA binding factor, HMG I(Y), which enables their functional union into a regulatory particle called thè enhanceosome' (Thanos and Maniatis, 1995) . A set of ingenious experiments revealing detrimental eects on transcription that arise from subtly altering the natural spacing of the various factor binding sites (Thanos and Maniatis, 1995; Yie et al., 1999a) and extensive in vitro footprint and gel-shift assays coupled with reversegenetic analysis of promoter structure (Yie et al., 1999a) lent support to the`enhanceosome' model.
Chromatin at the IFN-b promoter is remodeled in two ways in vivo. First, enhanceosome assembly leads to histone octamer eviction from a short stretch of the promoter (Agalioti et al., 2000) ± it is not known, what, if any, ATP-dependent enzymatic complexes drive this eviction in vivo (it is quite possible, for example, that the enhanceosome assembly simply excludes a core histone octamer from its target site (Pazin et al., 1997)); concomitant with transcriptional activation, chromatin is also remodeled over the adjacent TATA box (Agalioti et al., 2000) . In addition, virus infection leads to promoter-proximal hyperacetylation of histones H4 and, to a signi®cantly lesser extent, histone H3 (Parekh and Maniatis, 1999) , and a dominant-negative isoform of IRF-3, which does not associate with the HAT CBP, was shown to be detrimental in vivo both for IFN-b transcriptional activation and for histone hyperacetylation over the promoter (Parekh and Maniatis, 1999) . This, and several other lines of evidence (Merika et al., 1998; Yie et al., 1999b) , pointed to CBP targeting as an important component of IFN-b upregulation.
In full analogy with earlier studies on the HO promoter (Cosma et al., 1999; Krebs et al., 1999) , following virus induction a timecourse analysis of regulatory factor access, chromatin remodeling, and transcriptional activation was performed by combining chromatin immunoprecipitation, restriction enzyme accessibility, and RT ± PCR, respectively (Agalioti et al., 2000) . As summarized in Figure 4 , the sequence of events that was observed diered in several important aspects from that determined earlier for the budding yeast promoter: rapid targeting of the transcriptional activator (p65) was followed, after a delay of several hours, by the targeting of the HATs GCN5 and CBP, and, remarkably, RNA polymerase II, all of which occurred without concomitant recruitment of TBP and with no transcriptional activation! After an additional delay of several hours, the near simultaneous recruitment of human SWI/SNF, TBP, and TAF II 250 to the promoter was seen accompanied by chromatin remodeling, promoter-proximal hyperacetylation, and transcriptional activation (Agalioti et al., 2000) .
A major challenge intrinsic to working with cells of mammalian origin is the inherent diculty of performing controlled reverse-genetic experiments that selectively ablate speci®c components of a given regulatory pathway. For example, murine ES cells de®cient in GCN5 (Xu et al., 2000) , CBP (Yao et al., 1998) , p300 (Kung et al., 2000) have been generated, as have cells de®cient in core components of the SWI/SNF complex, including hBrm (Reyes et al., 1998) , Brg1 (Bultman and Magnuson, 2000) , and SNF5/INI1 (KlochendlerYeivin et al., 2000) . To the best of our knowledge, however, these lines are not commonly used to study de novo acquisition of lesions in speci®c gene regulatory pathways. In addition, human patients with Rubinstein-Taybi syndrome (Goodman and Smolik, 2000; Rubinstein, 1990) are hemizygous for the wild-type allele of the CBP gene, loss of heterozygosity for p300 has been reported in some epithelial cancers (Gayther et al., 2000) , and humans with mutations in the SNF5/ INI1 gene have a higher incidence of cancer (Sevenet et al., 1999; Versteege et al., 1998 ), but we are not aware of any published study using cell or tissue samples from these patients in studies of gene regulation.
Thus, at present, chains of causality in mammalian gene regulation have to be studied by non-genetic means. Thanos and colleagues (Agalioti et al., 2000) took an in vitro approach to augment their highly novel in vivo ®ndings on IFN-b regulation: a biotinylated fragment of the promoter was combined with puri®ed transcription factors required for enhanceosome function (HMG I(Y), NF-kB, IRF-1, ATF-2/j-Jun) and core histones to assemble the following template:
biotin ± DNA end ± nucleosome ± enhanceosome ± nucleosome ± DNA end
As is customary in such assays, this template was incubated in crude HeLa cell nuclear extract ± this highly complex mixture of proteins provides many factors, including those necessary for function of the transcriptional machinery. Various order-of-addition (e.g., use of recombinant HATs to hyperacetylate the chromatin template prior to enhanceosome assembly, etc.) experiments, combined with pulldown assays facilitated by the presence of the biotin residue on the template led to the following major conclusions (Agalioti et al., 2000) :
1. Chromatin remodeling observed at the promoter in vivo cannot be mimicked by hyperacetylation alone, but the transcriptional upregulation due to HAT action is only observed on chromatin templates. 2. Prior acetylation of the template enhances the amount of BRG1 (the catalytic subunit of the human SWI/SNF complex) associated with the promoter, and potentiates remodeling by it. 3. RNA polymerase II can associate with this template in the absence of ATP-dependent chromatin remodeling, and in the absence of a TATA box, while binding by TBP and TAF II 250 requires such remodeling and the TATA box.
The model proposed by the authors on the basis of their ®ndings is as follows: the DNA-bound enhanceosome targets the HAT GCN5 ± after GCN5 is released, CBP is targeted, perhaps in a direct complex with the RNA polymerase II holoenzyme ± this is followed by the targeting of SWI/SNF ± ATPdependent remodeling of the nucleosome over the TATA box then allows for TFIID recruitment and thereby completes PIC formation.
Leaving aside the various interesting discrepancies between this model and conventional notions of the sequence of events during PIC assembly (the authors suggest, and present evidence to this eect, that dierences between natural vs synthetic promoters are the cause), it is useful to point out several issues raised by the Agalioti et al. (2000) study related to chromatin remodeling per se. It is quite clear from the ®ndings that both HAT-and ATP-dependent chromatin structure alterations are required for transcription ± this is fully consistent with data from budding yeast and other systems. In contrast, the suggestion that histone hyperacetylation creates a more palatable template for SWI/SNF (Agalioti et al., 2000) , directly contradicts other in vitro data, according to which histone tail modi®cation does not aect, and may, in fact, impede SWI/SNF-driven remodeling (Logie et al., 1999) . Furthermore, in work discussed earlier, it was clearly demonstrated that on plasmid templates assembled into chromatin via the use of a histone chaperone (NAP-1) and a nucleosome spacing engine (ACF), CBP/p300 acetylation required prior chromatin remodeling (Ito et al., 2000) . Thanos and colleagues (Agalioti et al., 2000) assembled nucleosomes onto a linear piece of DNA via the well-established`salt dialysis' method, in which puri®ed core histone octamers are mixed with DNA in a solution of high ionic strength, and nucleosomes are assembled by gradually lowering the salt concentration in solution via dialysis. It is unknown, whether dierences in chromatin preparation methods and type of template used contributed to the marked disparity in the sequence of action observed. Ultimately, it is quite possible that the dierences between the systems may be explained by dierent modes of regulation that speci®c promoters ®nd themselves under, as we discuss in the last section.
Transcription on chromatin in vitro: through a glass, darkly?
The previous discussion illustrates the diculty of meaningfully comparing dierent in vitro studies, which vary greatly in terms of speci®c promoters, mechanism of chromatin assembly, nature of protein factors used, etc. It is, nevertheless, informative to brie¯y review three other recent studies with in vitro assembled chromatin to compare their ®ndings with those reported by Thanos and colleagues (Agalioti et al., 2000) , and the in vivo data from budding yeast.
In vitro work with chromatin templates requires a protocol for the deposition of histones onto DNA. Of the several approaches used historically, one of the most useful has been a system based on a remarkable property of Drosophila biology: in this animal, early embryonic cell divisions occur without gap phases in the cell cycle (i.e., S-M-S-M), and the entire 330 Mb genome replicates, on average, once every 20 min! Such stunning speed imposes an extraordinary requirement on the chromatin assembly machinery, and as a consequence, the early Drosophila embryo contains a vast quantity of core histones, histone chaperones, and nucleosome spacing engines ± thus, embryo extracts can assemble puri®ed DNA and core histones into chromatin (Becker and Wu, 1992; Kamakaka et al., 1993) . An important aspect of this system, however, is the presence of a very large number of additional polypeptides in embryo extracts ± these add an element of biochemical uncertainty. As already mentioned, it has become recently possible to assemble physiologically spaced chromatin in a system that is fully biochemically de®ned (Ito et al., 1999) , and contains only core histones, a chaperone, and a nucleosome spacing engine.
The utility of such a system, and the complications that can arise during use of crude extracts, are highlighted by a recent study (Jiang et al., 2000) in which transcriptional regulation by NF-kB, Sp1, and the estrogen receptor was compared on chromatin templates assembled in a conventional vs a biochemically de®ned system. In agreement with earlier studies (for example, Kraus and Kadonaga (1998)), it was found that on naked DNA, NF-kB and Sp1 could potentiate transcription in a manner independent of the HAT p300, and that assembly of DNA into chromatin in Drosophila embryo extract made transcriptional activation HAT-dependent. Remarkably, oǹ biochemically de®ned chromatin templates' p300 and the transcriptional activators were found to be insucient for activation! It was correctly deduced that crude embryo extract provide an essential cofactor for the HAT, and this entity was found to be none other than acetyl CoA. Subsequent sophisticated order-of-addition experiments indicated a role for AcCoA and p300 in PIC assembly (Jiang et al., 2000) , yielding a valuable perspective on earlier ®ndings that components of the basal transcriptional machinery can act as targets of HATs (Imhof et al., 1997) . This lends further credence to the notion discussed earlier that on some promoters, HAT action potentiates transcriptional activation at a step subsequent to initial chromatin remodeling events (Ito et al., 2000; Li et al., 1999) .
In support of the ®ndings by Kadonaga and colleagues, work from the laboratory of R Roeder also used a biochemically de®ned chromatin assembly system to demonstrate a requirement for acetyl-CoA and the HAT p300 in transcriptional activation (Kundu et al., 2000) . In agreement with in vivo data on the HO promoter (Krebs et al., 1999) and the IFNb promoter (Parekh and Maniatis, 1999) , this in vitro study observed promoter-proximal, activator-dependent targeting of core histone hyperacetylation. Interestingly, no requirement for added SWI/SNF or other ATP-remodeling activity was observed ± this may be a consequence of promoter architecture, since the authors used a multimer of transcription factor binding sites adjacent to a core promoter as their DNA target, and¯anked it on either end with strong nucleosome positioning signals. It is possible, therefore, that the selective distribution of the core histones away from sequences required for transcriptional initiation may have contributed to the lack of requirement for SWI/ SNF in this study. Alternatively, the necessary chromatin remodeling components may have been provided by the ca. 50 mg HeLa nuclear extract used in each reaction.
Regarding transcription in vivo, it is likely that it requires both acetyl-CoA (it is nontrivial to test this issue directly because one would have to disable pyruvate dehydrogenase and fatty acid b-oxidation, which the cell is unlikely to tolerate) and HATs (Lee et al., 2000) . Mechanistically, it is still unclear, how acetylation potentiates transcription, and it is most likely that several pathways are involved (Wole and Guschin, 2000) . It is interesting that several HATs, including Gcn5p, have the capacity to bind their own product ± acetylated lysine ± via a segment called thè bromodomain; (Winston and Allis, 1999) . The functional utility of this unusual feature of the protein is unclear, although on a normally SWI/SNF-independent promoter carrying an arti®cally inserted binding site for the yeast activator Gcn4p (which is SWI/SNF dependent), the Gcn5p bromodomain was reported to be required for SWI/SNF targeting (Syntichaki et al., 2000) ± it is not known if such an unusual relationship extends to any naturally occurring SWI/SNF-and Gcn5p-dependent yeast promoter.
An important general conclusion from in vitro studies described here, and many others, is that a relationship of dependence, or lack of dependence, between various phenomena observed in vitro can be a consequence of the nature of the reagents used: thus, transcriptional activation in vitro does not require HATs if one uses naked DNA templates, and does not require acetyl-CoA if one uses crude embryo extract, etc. For example, an in vitro study of action by the retinoic acid receptor (RAR) clearly demonstrated that a chromatin template assembled in crude embryo extract can be transcriptionally activated by liganded RAR/RXR without any added components, while a puri®ed chromatin template requires ATP, acetyl-CoA, p300, and SWI/SNF (Dilworth et al., 2000) . This study also oered the provocative observation that puri®ed chromatin templates containing trace quantities of the ATPase ISWI (Di Croce et al., 1999a) can potentiate ± in an ATP-dependent manner ± the binding to DNA by the RAR/RXR heterodimer (Dilworth et al., 2000) , and can also augment subsequent transcriptional activation by liganded RAR/RXR, which supports conclusions of a previous in vitro study with the progesterone receptor (Di Croce et al., 1999b) .
This observation further illustrates the diculty inherent in comparing in vitro and in vivo properties of chromatin remodeling engines: in a set of technical tour de force experiments, NURF, the ®rst ISWIcontaining complex characterized, was puri®ed from Drosophila embryos via an assay in which it helped a DNA-binding protein called GAGA factor bind to DNA and disrupt a nucleosomal array (Tsukiyama et al., 1994) . NURF is an interesting complex, because in addition to ISWI, it also, mysteriously, contains the enzyme inorganic pyrophosphatase (Gdula et al., 1998) , a core histone binding protein (RbAp48), and a large polypeptide the identity of which has not been reported. In stark contrast to in vivo observations, however, genetic analysis in Drosophila yielded no evidence that GAGA factor and ISWI functionally interact (Deuring et al., 2000) .
The hypothetical role of any ISWI-containing complex (of which there are several (Guschin et al., 2000a; Ito et al., 1999; Poot et al., 2000) ) in transcriptional control remains to be established for any system except budding yeast. The S. cerevisiae genome contains two ISWI homologs, Isw1p and Isw2p, which form two distinct complexes (Tsukiyama et al., 1999) , and are not required for yeast viability. Recent high-resolution genetic and structural analysis of the consequences of disrupting the ISW2 gene (Goldmark et al., 2000) oered several very interesting observations: it was discovered that Isw2p functional as a transcriptional corepressor for genes upregulated during the meiotic pathway, and that its function occurs in synergy with repression driven by the histone deacetylase Rpd3p. Most signi®cantly, structural analysis of Isw2p target promoters revealed that nucleosome position is altered when ISW2 is deleted: this provides very strong evidence in support of the known in vitro ability of ISWI to mobilize nucleosomes (Corona et al., 1999) , but does not explain why altering nucleosome position leads to transcriptional repression. Whatever the mechanistic connection between ISWI and repression, obtaining in vivo evidence that ISWI is involved in transcriptional activation of any gene in any organism is an important challenge that is yet to be met.
Indeed, in vivo evidence in systems other than budding yeast that ATP-dependent chromatin remodeling complexes are required for gene activation (or repression) is emerging only very slowly, leaving one to rely on in vitro studies. For example, the human SWI/ SNF complex is required for glucocorticoid receptor action on the MMTV LTR (Fryer and Archer, 1998 ), but it is not known, if the targeting of this complex is responsible for the chromatin remodeling observed on this promoter (Zaret and Yamamoto, 1984) . Several recent reports oer hope that such uncertainty may soon change.
For example, genetic ablation of SWI/SNF components has been reported in C. elegans (Sawa et al., 2000) , where RNAi-driven depletion of SWI2, SWI3, or INI1/ SNF5 all lead to embryonic lethality. Interestingly, animals heterozygous for deletions of these genes do not display any apparent mutant phenotype (H Sawa, personal communication) . In humans (Sevenet et al., 1999) , individuals heterozygous for INI1/SWI5 mutations undergo inactivation of the other, wild-type allele and develop multiple rhabdoid tumors (Versteege et al., 1998) , and in mice, similar mutations (KlochendlerYeivin et al., 2000) predispose to LOH at the mutated locus and subsequent malignancy, as do mutations in BRG1 (Bultman and Magnuson, 2000) , while dominantnegative allelic forms of BRG1 are cell-lethal (Bultman and Magnuson, 2000) . Taken together with the profound requirement of Drosophila SWI/SNF and ISWI function during ontogeny (Brizuela et al., 1994; Deuring et al., 2000) and of SWI/SNF in mediating wingless repression (Collins and Treisman, 2000) , all these ®ndings indicate that ATP-dependent chromatin remodeling is an essential function both in the cell and in the embryo (it is useful to recall that, while SWI/SNF is not essential for budding yeast viability (Stern et al., 1984) , a related complex, RSC, is (Cairns et al., 1996) ). Thus, one hopes that the very near future promises further analysis of gene-speci®c transcriptional defects in various multicellular organisms carrying targeted ablations in components of chromatin remodeling engines.
No conclusion
Scholarship in transcription has gone from notions that gene control occurs on naked DNA with chromatin removed out of the way to a profound appreciation of the complicated integration of all genome regulatory pathways with the chromatin infrastructure of target loci (Lemon and Tjian, 2000; Wole and Guschin, 2000) . The wealth of open questions, however, overwhelms both the interested nonspecialist and those working in the ®eld. What is the relative contribution made to the transcriptionally active state by the various complexes found in the nucleus? Is there sequential targeting of these complexes, and if there is, how is it achieved? What acts ®rst ± the HATs or the ATP-dependent remodeling machine? What are the structural consequences on chromatin of such action? As can be seen from the studies described in this review, the answer can be model system-dependent. Several of the dierences observed between the models we have described are informative.
First, it is quite clear that transcriptional`ground zero' can vary dependent on the gene studied, i.e., that dierent loci present themselves to the investigator in various states of remodeling, and some already more remodeled than others. For example, there is ®rm evidence that the rDNA genes are not inactivated or remodeled into inert, mature chromatin concomitant with mitotic chromosome condensation, and that much of the transcriptional machinery, including RNA polymerase I, actually remains on the chromosome (Scheer and Rose, 1984; Weisenberger and Scheer, 1995) ! As a consequence, inhibition of mitotic cyclin activity rapidly releases the rDNAs transcriptional quiescence (Sirri et al., 2000) . Thus, it is very likely that much fewer chromatin remodeling steps are required for this promoter to become active, because the`inactive' state in this case is one where the gene is poised for activity.
In general,`quiescent' chromatin is clearly more than a homogeneous`beads on a string' ®ber: a certain amount of TFIID is known to associate with mitotic chromosomes (Segil et al., 1996) , chromatin over speci®c genes, for example, hsp70, can remain remodeled even in mitosis (Martinez-Balbas et al., 1995) , and some transcriptional regulators, for example, the thyroid hormone receptor, can reside on chromatin without remodeling it (Samuels et al., 1982; Wong et al., 1997b) . Thus, fewer steps may be required for such genes to become active than for genes that are associated with histones only.
A dierence in`ground zero' of the chromatin state may, in fact, be partly responsible for alterations in the observed`order of appearance' at the promoters studied ± some actors may have already appeared on stage during acts of the play that unfolded before we arrived to observe it. For example, the HO endonuclease gene goes from mature, unremodeled chromatin to a hyperacetylated locus with a DNAse I hypersensitive site in less than 1 h (Cosma et al., 1999; J Krebs and C Peterson, unpublished) . In contrast, in the IFN-b gene locus it takes hours to make a transition from a DNA-bound activator to recruitment of HATs and SWI/SNF. This raises the possibility that other, undetected, chromatin remodeling and modi®cation engines act during this seeming`latency' period, and thus`chromatin at +4 h post-infection' in the IFN-b promoter is not the same thing as`chromatin at +10 min post-anaphase' at the HO promoter (Figure 4) .
The second interesting dierence is likely one between species, genome size, and complexity of regulatory pathways. In the budding yeast genome, ORFs are quite closely spaced: for example, the HIS3 and the PET56 genes share the same small regulatory region, which lies just 6 ± 7 nucleosomes away from the DED1 promoter (Kuo et al., 2000) ! Such arrangements are simply not found in mammalian genomes ± thus it is quite clear that larger genomes and greater gene spacing impose a more intricate set of requirements on the chromatin condensation machinery in mammals, and that the transition from a silent to a fully active state may involve more steps and require a greater involvement of chromatin remodeling and modi®cation engines at each of those steps.
For example, a pioneering study of in vivo dynamics of a 90 Mbp heterochromatin insertion revealed that its transcriptional activation involves a physical transition from a 1 mM compact globule in the nucleus to an intricate web of ®bers that spans 410 mM (Tumbar et al., 1999) . It is extremely likely that such transitions involve chromatin remodeling and modi®-cation engines and, in fact, large chromatin domains have been seen`partly' remodeled (`unfolded'?) such that they exhibit greater sensitivity to nucleases and an increase in histone acetylation (Hebbes et al., 1994 (Hebbes et al., , 1988 . In careful genetic analysis of the b-globin locus and various deletions in its regulatory DNA domain, it was discovered that such remodeling is not a consequence of transcription, and can occur without transcriptional activation (Epner et al., 1988; Schubeler et al., 2000) .
While the nature of the molecular machines that eect such domain-wide remodeling is unknown, the data are fully compatible with a multistep model for gene activation (Schubeler et al., 2000) , in which the ®rst step involves the invasion of an inert chromatin domain by a regulatory factor that can associate with a chromatin template (for example, the thyroid hormone receptor (Wong et al., 1997a) or HNF-3 (Cirillo and Zaret, 1999) ), and the subsequent targeting of machines that eect domain unfolding and histone acetylation, such that the locus is physically moved away from heterochromatin (Lundgren et al., 2000; Schubeler et al., 2000) . The second step (or sequence of steps) is promoter-proximal chromatin remodeling and activation which is accompanied by more targeted histone hyperacetylation (Kuo et al., 2000; Schubeler et al., 2000) .
Finally, it is essential to appreciate that even during the ®nal steps of gene activation protein assemblies may exhibit utterly unanticipated degrees of dynamic assembly and reassembly. Two recent examples are very informative. The laboratories of M Brown and M Lazar collaborated in an investigation of a promoter activated by the liganded estrogen receptor (ER) (Shang et al., 2000) . Nuclear hormone receptors are an exceptionally useful system to investigate cofactor dynamics during acute gene activation Urnov and Wole, 2001) , in part because application of hormone oers a synchronous`start' signal. In agreement with earlier models, chromatin immunoprecipitation analysis showed that hormonal activation led to promoter-proximal hyperacetylation, and the targeting of various HAT coactivators, including SRC-1, AIB-1/ACTR/PCIP, and a general coactivator complex (TRAP/DRIP). A careful timecourse analysis using ChIP and nuclear run-on experiments to assay transcription initiation revealed ± in emphatic contradiction with expectation ± that regulator association with this promoter is cyclical: ca. 15 min after hormone administration, ER, p300, CBP, RNA polymerase II, and TRAP/DRIP all assemble at the promoter, and transcription is activated, but after about 75 ± 90 min, all of these proteins are no longer detected by ChIP, and transcription initiation rates fall dramatically. After about a 15 min`lunch break,' all the polypeptides reassemble at the promoter, and transcription is again upregulated (Shang et al., 2000) . The most striking ®nding is that the promoter is vacated by not only the various coactivators, but by the formerly DNA-bound liganded nuclear hormone receptor itself (Figure 4 )! This observation is in agreement with earlier reported ®ndings on the dynamics of liganded GR interaction with its best-studied target promoter, the MMTV LTR (McNally et al., 2000) . It has long been suspected that this association is transient (Archer et al., 1989) , and evidence to that eect has been obtained via the use of in vivo real-time imaging techniques: a large chromosomal integration containing multiple copies of the MMTV LTR was challenged in vivo with a GFP ± GR fusion. Dynamics of protein binding to DNA were then assayed by FRAP (¯uorescence recovery after photobleaching; Poo and Cone, (1974) ): a laser beam bleaches a given location in the nucleus ± for example, all the GR bound to the MMTV array. Fluorescence over the array can only be regained if bleached GR lets go of the DNA and is replaced by other, nonbleached, GR molecules from elsewhere in the nucleus. Remarkably, recovery occurred at the rate of seconds, indicating that the liganded receptor constantly shuttles on and o DNA! These datasets oer two several important lessons: (i) if a factor cannot be seen as bound to a particular DNA stretch by footprinting, or other assays, this does not necessarily mean it is not bound there ± perhaps the association is¯eeting, as is the case with GR (Archer et al., 1992) and Swi5p (Cosma et al., 1999) ; (ii) dynamic and cyclical associations of various cofactors during transcriptional activation can yield very confusing pictures due to the superimposition of signal from templates at various points in the activation cycle, unless care is taken to achieve precise synchrony (Shang et al., 2000) ± thus, at time +75 min post-hormonal activation, the cathepsin D promoter is not bound by much, and at +12 min ± by a veritable horde of factors.
It is clear that various chromatin modi®cation and remodeling activities act in synergy at various promoters, and that such action occurs gradually to achieve a multistep progression of chromatin remodeling. It is also quite likely that the details will vary from organism to organism, and from promoter to promoter.
This is an exciting time in transcriptional scholarship ± major improvements in technology (for example, real-time PCR analysis of ChIP products, or whole-genome expression pro®ling), extensive availability of genomic information from various taxa, and an ever-expanding array of tools to alter the biochemical composition of the cell, from knockout technology (e.g., Klochendler-Yeivin et al., 2000) , to RNAi (e.g., Sawa et al., 2000) , to locus-speci®c regulatory domain targeting (e.g., Beerli et al., 2000; Zhang et al., 2000b) promise many new insights to come.
Note added in proof Gavin et al. (Mol. Cell., 7, 97 ± 104) report that yeast SWI/ SNF remodels chromatin by locally altering DNA topology (`twist'), which supports data of Havas et al. (2000) . Lever et al. (Nature, 408, 873 ± 876) and Misteli et al. (ibid. 877 ± 881) report that histone H1 shuttles on and o DNA in a manner highly similar to that reported for GR by McNally et al. (2000) , indicating that even integral chromatin components can exhibit dynamic associations with DNA.
